We report the few hundred second anti-correlated soft lags between soft and hard energy bands in the source GX 3394 using RXTE observations. In one observation, anti-correlated soft lags were observed using the ISGRI/INTEGRAL hard energy band and the PCA/RXTE soft energy band light curves. The lags were observed when the source was in hard and soft intermediate states, i.e., in a steep power-law state.We found that the temporal and spectral properties were changed during the lag timescale.
Introduction
The huge database of RXTE observations of different Galactic black holes (GBHs) shows that the spectral and timing properties of the accretion disk in these objects can be constrained depending on the classification schemes (Esin et al. 1997; Grove et al. 1998; McClintock & Remillard 2004; Belloni 2010; McClintock et al. 2009 ). During the rise and fall of the outburst the accretion disk is found to be in the lowhard (LH) state where the hard component (power-law index 1.5) is strong, most probably due to the presence of a Compton cloud or a jet, along with an extremely weak or undetected soft component (presumably due to a Keplerian disk). The power density spectrum (PDS) in this state shows a strong band-limited noise, occasionally with quasi-periodic oscillations (QPOs) at low frequencies. On the other hand, when the soft X-ray intensity increases, the hard component becomes very weak and the soft component dominates the spectrum along with the disappearance of a QPO feature in the PDS. This state is known as the thermal-dominated (TD) state (Kubota et al. 2001; Remillard & McClintock 2006) or the highsoft (HS) state (Belloni 2010) . Both classification schemes point toward a similar picture, where the accretion disk approaches close to the black hole, when the source moves from the LH to the TD state. The evolution of the accretion disk from the LH state to the HS state and vice versa is not only complicated but also poorly understood. It is generally believed that when the mass accretion rate increases from the LH state, the strength of the soft component increases relative to that of the hard component, which softens. Since the spectrum is steep (power-law index ≥ 2.5) and, in intermediate state (HIMS) and a soft intermediate state (SIMS); for further details, see Belloni 2010 and references therein. X-ray and radio studies show that the HIMSSIMS transition can be approximated as being due to the crossing over of a jet line in the HID; however, further observations in this state are needed to constrain this picture as the track of the jet line in the HID is still not clearly understood ). In the temporal domain, the most important property of this state is the presence of high-frequency QPOs ≥ 100 Hz (HFQPO) together with the intermediate (IM) QPOs in the frequency range of 110 Hz (Casella et al. 2004; Remillard & McClintock 2006; Belloni 2010) . In the spectral domain, perhaps the most important physical property of the SPL/IM state is the presence of a low temperature (≤ 10 keV), high optical depth (2-5) Compton component, possibly coming from a compact cloud close to the black hole (Done & Kubota 2006; Sriram et al. 2007 Sriram et al. , 2009 Caballero-Garca et al. 2009 ). This is found that as the disk approaches or recedes from the black hole, the QPO frequency increases or decreases (Done et al. 2007 ). The broadband spectrum shows a hard component which is possibly due to thermal Comptonization of soft photons in the Compton cloud (Done & Kubota 2006; Sriram et al. 2007 Sriram et al. , 2009 ). This could be the most favorable mechanism in this state because both the soft and hard components dominate and this spectral characteristic is less prominent in other spectral states. In this state, the temporal and spectral transitions are fast and distinct (these states cover a large fraction of the HID plane) when compared to the other states (Dunn et al. 2010) . It is found that in the IM/SPL state the accretion disk is truncated and hence the coupled soft/hard emission regions show anti-correlated lags which constrain and strengthen the truncated geometry model. There have been numerous studies on lags that range from a few milliseconds to a few hundred seconds. Small-scale (few milliseconds) positive and negative lags have been found in GRS 1915+105 (Cui 1999; Lin et al. 2000; Reig et al. 2000) . Previous researchers have found that the observed lags are frequency dependent. Similar results were obtained for XTE J1550564 (Cui et al. 2000) . More detailed studies were carried out forXTE J1859+226, which shows that B-type QPOs always show a hard lag, whereas the A-type and C-type QPOs show only the soft lag. They argued that the energy dependence of QPOs rules out the possibility of a simple disk origin and that the 6 Hz QPO is related to unknown fundamental processes (Casella et al. 2004 ).
Recently, it was found that, in the case of GRS 1915+105, the lags are both frequency and energy dependent (Qu et al. 2010) , which rules out the existing possible models of low-frequency QPO production. These small Fourier lags strongly favor the Comptonization process close to the black hole and the lag time corresponds to the energy gain time in the Compton cloud or probably in the base of the jet. The few hundred second scale lags were first reported in the source Cyg X-3. The cross-correlation between the soft and hard energy bands shows anti-correlated hard lags along with spectral pivoting (Choudhury & Rao 2004) . Later, similar anti-correlated hard lags were found in several black hole sources, GRS 1915+105, XTE J1550564, and H1743322 (Choudhury et al. 2005; Sriram et al. 2007 Sriram et al. , 2009 , and in one neutron star source, Cyg X-2 (Lei et al. 2008) . It was found that along with spectral pivoting the centroid QPO frequency is shifted during the observed lag timescale. The soft and hard fluxes were anti-correlated during these lags and altogether the results suggest that, as the disk front moves toward the black hole, the soft photons cool the Compton cloud, changing the geometrical or physical size. Until now, soft lags were often observed in smaller dynamical scales but anti-correlated soft lags were not observed on a longer timescale. Here we report the discovery of anti-correlated soft lags in the black hole source GX 3394. GX 3394, amicroquasar, has an orbital period of ∼1.7 days, with a mass function f(M) = 5.8 ± 0.5 M ⊙ (Hynes et al. 2003) . The secondary companion is an Ftype subgiant star situated at a distance of 6-15 kpc (Hynes et al. 2004; Zdziarski et al. 2004) . Based on spectroscopic studies, the binary inclination of this system was found to be low, i.e., i = 15 o (Wu et al. 2001) . GX 3394 may harbor a black hole with a high spin parameter of a = 0.8-0.9 (Miller 2007 ). The radio observations during the state transition suggest discrete ejection events along with relativistic radio jets with speed v/c > 0.9 . GX 3394 was the first source to exhibit features of the VH state hard energy bands using RXTE observations. In three observations, we found anti-correlated soft lags of the order of a few hundred seconds along with a shift in the centroid frequency of the QPO. We also found that the spectral properties changed during these observations. In one of the observations where anti-correlated soft lag was found, the PCA/RXTE soft energy band (2-5 keV) and ISGRI/INTEGRAL hard energy band (20-40 keV) also simultaneously showed anticorrelated soft lag. The temporal and spectral variations during the detected lags are explained in the framework of a truncated disk geometry. Re-condensation of hot flow is proposed to understand the shift in the QPO frequency and spectral changes in the respective observations.
Data Reduction
The 20062007 outburst in GX 3394 was extensively observed by the RXTE satellite (Swank 1999 ). The satellite is comprised of three onboard detectors, the Proportional Counter Array (PCA; Jahoda et al. 2006) , High-Energy X-ray Timing Experiment (HEXTE; Rothschild et al. 1995) , and All-Sky Monitor (ASM; Levine et al. 1996) . Detailed temporal and spectral studies have been carried out during the outburst and the respective observations were classified into three canonical states (Motta et al. 2009 show the characteristics of the HIMS and SIMS classification scheme. For spectral studies, we have extracted the spectra from the top layer of the PCU2 data, which is the most well calibrated among the PCUs, and 0.5% systematic errors are added to the PCA spectrum. To study the PDS, we used the single-bit data mode. We have used HEASOFT v6.8 software to reduce the data and XSPEC v12.5 (Arnaud 1996) for the spectral fittings. During this outburst, the INTEGRAL satellite observed the source on five different days (for more details, see Caballero-Garca et al. Science Analysis (OSA) v8.0 package. To obtain the lag time we closely follow the method described in Sriram et al. (2007) . An inverted Gaussian function is used to fit the cross-correlation spectra and the error bars shown are at the 90% confidence level throughout this paper.
Analysis

Temporal Analysis
The background-subtracted light curves were obtained in two energy bands, the soft (2-5 keV) and hard (20-50 keV) energy bands. We have used the crosscor program to look for the anticorrelated lags and discovered anti-correlated soft lags of a few hundred seconds in the three observations ( Figure 1 ). In one case, the cross-correlation is performed between the PCA/ RXTE soft energy band and the nearly simultaneous ISGRI/ INTEGRAL hard energy band (20-40 keV).
The CCF is found to be asymmetric and an anti-correlated soft lag is observed (Figure 2 ). For the three observations shown in Figure 1 , the derived values of anti-correlation (minimum values of CCF) are -0.44 ± 0.11, -0.47 ± 0.12, and -0.35 ± 0.10, respectively. The probabilities of getting more than these values, due to random fluctuations in the data, are 1.09 × 10 −4 , 3.73 × 10 −5 , and 1.60 × 10 −3 , respectively (Bevington & Robinson 1992) . The derived values of the lags are -95 ± 40 s, -1068 ± 62 s, and -858 ± 108 s, respectively. Treating the estimated error as 1 (it should be noted that we have used the criterion of ∆χ 2 =4.0, typically signifying a 90% confidence level), the lags are detected at confidence levels of 2.4σ, 17.2σ, and 7.8σ, respectively, for the three observations. The corresponding value for the INTEGRAL/PCA anti-correlation has a CCF value of -0.49 ± 0.21 (significant at a level of 5.90×10 −2 ), with a lag detected at -352 ± 102 s (a 3.5 σ detection). Hence, we can conclude that the lags are detected at a very high significance level.
It is quite possible that black hole sources like GX 339-4 have long time variabilities, and sampling these light curves at shorter timescales (a few thousand seconds of observations) might cause spurious peaks in the CCF when a high point in one light curve hits a high or low point in another light curve. But the fact that the anti-correlations are observed in the RXTE as well as the INTEGRAL data shows that the observed anti-correlations are not due to any instrumental artifacts. Further, the low-and high-energy light curves pertain to the same source and hence they are unlikely to show totally independent variations. In order to rule out such spurious possibilities, we have generated two independent simulated light curves of long duration (220 s), using the method of Timmer & Koenig (1995) . The simulated light curves were produced using the mean (standard deviation 0.20) was generated using the randomn function available in Interactive Data Language (IDL).We smoothed this series using the SMOOTH function (available in IDL). The SMOOTH function filters an input series using a running-mean top with a given kernel size. We have used kernel size 3 to smooth the series. After doing this the standard deviation was found to be 0.12. Then, one of the light curves is multiplied with the obtained smoothly varying number (variation is random in nature) with a mean of 1.0, which is uncorrelated to the real variability. We have taken 3000 s segments from the simulated light curves and perform cross-correlation analysis.
We GX 3394 is the first black hole source to show anticorrelated soft lags at such large timescales. The soft lag means that the soft photons are lagging compared to the hard photons.
The observation time (MJD 54163) of the third observation (ObsID: 92085-01-03-03) matches the peak of a small magnitude hard re-flare as depicted from both HEXTE and Swift/BAT light curves (Motta et al. 2009; Caballero-Garca et al. 2009 ). In this episode, the sudden increase in the hard flux might be due to the ejection of the inner hot disk or corona (which is often observed in GX 3394 during this state; Gallo et al. 2004 ) but the radio observations during this episode were lacking and hence an exact production mechanism for the second hard re-flare is difficult to understand. observations (see Figure 4 and Table 1 ). Generally it is observed that, as the QPO frequency increases, the width of the QPO also increases, changing from a type-C QPO to a type B and then to a type A one (Casella et al. 2005) . The QPO profile is often fitted with a Lorentzian but as its shape changes from a type Cto type A, a Gaussian function is preferred (Belloni 2010 ). In the second and third observations, the shift in the QPO centroid frequency is relatively larger (δf c Table 1 in Motta et al. 2009 ). It is found that in ObsID: 92085-01-02-05, the QPO feature is not present in the 2.06-5.71 keV energy band but is seen only in the 6.12-14.76 keV band (single-bit mode data are used), whereas in ObsID: 92085-01-01-05, the QPO feature is present in both energy bands (generic binned mode data; Figure 5 ). The powerlaw + Lorentzian model is used to fit the PDS ± 0.12 Hz with a quality factor Q = f c /δf = 3.14, whereas in the other observation, the centroid frequency is found to be at f c = 10.70 ± 0.24 Hz with a quality factor Q = f c /δf = 2.20. Since the QPOs in the respective observations are strong properties of the IM state, we conclude that these two observations belong to the IM state rather than the HS state.
Spectral Analysis
The temporal analysis shows large-scale lags and a prominent shift in the centroid frequencies in the second and third observations compared to the first. Hence, we perform a detailed spectral analysis for the last two observations. The modelindependent spectral ratios (the ratio of the part A spectrum to the part B spectrum) are shown in Figure 6 and they show a pivoting feature in the low energy range (4-5 keV) which indicates that the probable changes are occurring at lower energies. We have fitted the 2.8-30.0 keV spectra of the initial and final parts (the same parts used to obtain the PDS) of the respective observations and unfolded a model consisting of a disk blackbody, power law, and absorption, along with a Gaussian line (model:
wabs*(diskbb+Gaussian+power-law in XSPEC). The equivalent hydrogen column density is fixed at 0.5 × 10 22 cm −2 (Dickey & Lockman 1990) , the Gaussian line energy is fixed at 6.4 keV, and the remaining parameters were set free during the fitting procedure. The unfolded spectra It is clear from the figure that the pivoting is caused by changes in the disk normalization and power-law index components which explain the model-independent pivoting. We found that all other parameters except for the disk temperature varied significantly between parts A and B in the individual observations ( Table 1 ). The unabsorbed soft and hard fluxes were anti-correlated between the initial and final parts and it was found that the disk flux decreases with a simultaneous increase in the power-law flux (Table 1 ). These differences indicate that during the observed lag timescale the spectrum has comprehensively changed. In order to show the prominent differences in the spectra between parts A and B, we have used the part A spectrum model parameters to fit the part B spectrum and plotted the δ χ (i.e., residuals in terms of sigmas with error bars) for both parts in Figure 8 . It can be seen that there is an excess in the 6-15 keV energy region, which indicates that during the lag timescale there is an increase in flux in the said energy domain.
Discussion and Conclusion
The spectral and temporal properties of accretion disks in black holes can be explained using the framework of a truncated disk geometry. In the LH state, the disk is assumed to be truncated at a large radial distance and as the disk approaches the last stable orbit, it becomes non-truncated, resembling the properties of the TD state. Recent RXTE, XMM-Newton, and
Chandra observations found a cool thermal component in the LH state (Reis et al. 2009 , and references therein) but more observational studies are required to establish the geometrical picture in this state. Our detailed spectral and temporal results from the study of various black hole sources, GRS 1915+105, XTE J1550564, and H1743322, show that in the IM state/ SPL state, the accretion disk is truncated very close to the black hole and the truncation radius (r t ) is around ∼r t ≤ 25r s (where r s is the Schwarzschild radius; Choudhury & Rao 2004; Choudhury et al. 2005; Sriram et al. 2007 Sriram et al. , 2009 ). Similar anticorrelated hard as well as soft lags were found For both the observations the pivot point is found to be around 4-5 keV. in one neutron star source (Cyg X-2) during which the spectrum changes at different pivoting energies (Lei et al. 2008) . These results are very important as they show that the accretion disk is truncated, i.e., a radially moving Keplerian disk along with a Compton cloud/base of jet most probably located close to the black hole. In this paper, we report the discovery of anti-correlated soft lags of the order of a fewhundred to thousand seconds (Figure 1 ). The anti-correlated soft lag is further supported by the ISGRI/ INTEGRAL hard energy band in the third observation (ObsID:
92085-01-03-03, Figure 2 ). The CCF between the PCA/RXTE (2-5 keV) and ISGRI/INTEGRAL (20-40 keV) was found to be anti-correlated with a negative lag timescale. This lag timescale is a few hundred seconds smaller than the lag obtained using the PCA/RXTE data. This may be due to the fact that the simultaneous observation times from RXTE and INTEGRAL are of shorter duration. During the observed lags, the physical properties of the inner region are changed; this fact is further supported by the study of the PDS of the respective observations. It was found that the QPO centroid frequencies have been shifted to a lower frequency in a single observation. There is no clear consensus as to which physical component (Compton cloud or disk) is responsible for the production of LFQPOs. Recently, Cabanac et al. (2010) showed that an oscillating hot corona is able to produce the LFQPOs well, assuming a truncated disk geometry. According to this model, a phase lag of between the low and high energy bands is seen (see their Figure 8 ), which is a strong prediction of the truncated geometry. These theoretically predicted variabilities closely match the first observation light curves where a 100 s anti-correlated soft lag was observed ( Figure   1 ). In the Cabanac et al. (2010) model, the QPO propagates toward higher frequency as the radius of the corona front moves toward the black hole, whereas we find that a shift in the disk inner radius is decreased (∝ disk normalization) for a few percentile change in the QPO frequency. This is due to the fact that the boundary (inner front) where the disk truncates and the Compton cloud dominates could be the same, and hence, similar results were observed. The shift in the centroid frequency to lower values (Figure 4) indicates that the corona front/disk front ismoving away from the black hole, resulting in an increase in the hard X-ray flux which is clearly seen in the δχ plot (Figure 8 ). In the spectral domain, it is clear that, except for the disk temperature, all other parameters were significantly varied in a single observation between parts A and B (Table 1) . The most important parameters are the soft and hard fluxes which change in an opposite manner, i.e., the soft flux decreases with an increase in the hard flux (Table 1 ). The power-law index steepens with an increase in the power-law normalization. The observed anti-correlated soft lags are associated with the spectral variability during which the geometry of the accretion disk changes.
The gravitational heating and Compton cooling are continuous processes in the accretion disk and the truncation of the disk is most probably due to changes in the level of Compton cooling mechanism, which is further related to the disk soft photon flux ( mass accretion rate). As the disk size increases, the number of soft photons increases, which cools down the Compton cloud and vice versa. Our spectral results show that the disk normalization decreased, implying that the disk inner front is moving toward the black hole which cools the Compton cloud (the power-law index steepens). The PDS study shows that the QPO centroid frequency shifted to a lower frequency which indicates an increase in the disk/corona inner front. These observed contradictory features can be explained if we assume that the inner hot flow (ADAF) condenses back onto the inner disk, relatively increasing the size of the disk, steepens the power-law index, and increases the hard flux. The IM state is the most probable phase of accretion where the condensation of the inner hot matter can transform into an inner disk (Meyer-Hofmeister 2004; Meyer et al. 2007; Liu et al. 2007 ). More studies are required to understand this phenomenon (if it is true), especially in order to understand the properties of the new disk (which formed from the condensation of hot matter) and the indigenous disk (standard Keplerian disk).
The observed lag timescales suggest that the geometry of the accretion disk changes, which is strongly supported from spectral studies. The lag was found when the source was in the IM state. Our temporal and spectral variation during the anticorrelated soft lag indicates a truncated accretion disk geometry in the IM state. Similar kinds of studies can be extended to neutron star systems and cataclysmic variables to constrain the geometry of the accretion disk in a specific phase of accretion.
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